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Insulation boards made out of larch bark were pressed and scanned with an industrial 
X-ray computed tomograph (CT) in order to study the structure of the boards and 
to allow structure-based thermal modeling. The CT images were segmented using a 
categorization algorithm based on ANOVA. Apart from gaining knowledge about panel 
porosity, understanding of the inhomogeneous bark boards was enhanced by ﬁnding that 
two main components are prevalent. That knowledge of the board’s inner microstructure 
enabled the application of a numerical model for thermal conductivity based on the ﬁnite 
difference method (FDM). Contrary to simple cut-ups, the application of CT and subsequent 
modeling enables the evaluation of the effects of particle orientation on a panel’s thermal 
conductivity. Panels with horizontal particles (oriented parallel to the panel plane) proved 
to have a signiﬁcantly lower thermal conductivity than panels with vertical particles 
(oriented orthogonal to the panel plane). This trend could be conﬁrmed by means of the 
presented modeling approach, which allows further theoretical ex ante optimization in the 
production process. These ﬁndings give the direction for developments of eﬃcient bark 
insulation panels with well-deﬁned microstructure.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC 
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The general trend towards energy eﬃcient building constructions has generated an increased need of insulation materials.
Basically, there is a distinction between organic (hydrocarbons) and inorganic insulation materials, whereby the ﬁrst 
group is dominated by petrol based products (polystyrene) and the second one being mainly mineral wool. Both show 
rather poor ecological performance due to the usage of non-renewable resources or an energy-intensive production process.
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Experimental design for bark panels with oriented particles.
Particle orientation Identiﬁer Target density in 
kg/m3
Parallel to plane 3H 200
4H 283
5H 366
2H 450
6H 500
Orthogonal to plane 5V 200
6V 283
7V 366
4V 450
3V 500
An option could be low density bark-based panels which proved to be a promising insulation material and being of 
particular interest due to the usage of the natural “tree insulation material” bark [1]. Besides showing very advantageous 
properties such as low density, a relatively high resistance against microorganisms, and a low thermal conductivity (TC), 
bark also presents a high heat storage capacity [2]. Also from an economic point of view, the material is attractive, as bark 
is a traditional by-product of timber manufacturing and therefore available for relatively low prices. Because bark is a rather 
inhomogeneous material, it requires profound characterization for technical application. So far, bark insulation composites 
have not been used commercially, but were studied extensively with regard to mechanical and thermal properties, as well 
as being applied in a study-house, showing promising results focusing on mechanical, thermal and economic properties 
[1,3–5].
Many attempts have been made to understand the structure–property-relationships in wood-based composites. These 
are complex systems, because they can have a structure with more than one length scale and the structural elements 
(particles) have their own structures [6]. Thoemen et al. [7] for example investigated the inﬂuence of the structure of 
wood-based composites on their conductivity properties, proving this approach to be adequate as the composites structure 
can be inﬂuenced in the production process. Thereby, 3D modeling was found suitable to address structural composition 
and panel properties relationships.
In order to evaluate the 3D-density distribution in particleboard (PB), oriented strand board (OSB), and medium density 
ﬁber board (MDF) [8], X-ray computed tomography (CT) was used. Furthermore, pores within PB, OSB [9] and tannin-derived 
foams [10] were characterized using CT. Also the structure of a wood composite from wood ﬁbers and leather residues was 
studied using CT, whereby the material phases could be distinguished [11]. Moreover, a light ﬁber board was scanned by the 
means of CT, 3D images were derived and mathematical morphology was used to determine ﬁber and pore size distribution 
[12]. Knowledge of the panel’s microstructure was used to numerically model its thermal conductivity [13].
Finally, a light PB out of coarse tree bark particles (Larix decidua) was scanned with an industrial computer tomograph. 
Cross section images (2D) were used as a basis for the application of a numerical model for thermal conductivity based on 
ﬁnite differences (FD). Images could be thresholded, applying an algorithm for the deﬁnition of gray value borders based on 
the analysis of variance (ANOVA) [14].
The objective of the present paper is to study to which extent the particle orientation inﬂuences a bark panel’s ther-
mal conductivity. Moreover, it shall be clariﬁed if potential differences can be veriﬁed using discrete modeling based on 
3-dimensional structural information gained from X-ray computed tomography.
2. Material and methods
Insulation boards made out of larch bark particles with controlled particle orientation (horizontal/vertical) and varying 
panel density (DOE in Table 1) were produced by pressing them in a Höfer (Taiskirchen, Austria) laboratory heating press 
(particle size 10 mm, 10% UF resin, press temperature 180 ◦C, press factor 16 s/mm panel thickness, panel format 240 ×
350 × 30 mm3).
The thermal conductivity of each board was measured using an EP500 lambda meter (Lambda Measurement Technologies 
Ltd., Cincinnati, Ohio).
The bark boards’ structure was analyzed by the means of X-ray computed tomography using a Nanotom 180 NF CT device 
(GE phoenix|x-ray, Wunstorf, Germany) with a 180-kV nano-focus tube and a 2304 × 2304 pixel Hamamatsu detector with 
a pixel size of 50 × 50 microns. Molybdenum was used as target material. The resolution used was (27 μm)3 voxel size, the 
voltage at the nano-focus tube was 60 kV, the measurement current was 410 μA and the integration time at the detector 
was 1000 ms. Altogether 1800 projections per sample were recorded. For image reconstruction, a ﬁltered back-projection 
algorithm was applied by using the Nanotom reconstruction software datos|x (GE phoenix|x-ray).
No further artifact correction, such as beam-hardening correction of the CT data, or any kind of ﬁlter methods to reduce 
the noise was applied. In contrast to medical CT scanners for industrial CT, no calibrated gray values (absorption coeﬃcients) 
for the raw material (larch bark) were used. Altogether 10 different samples with a size of 50 × 50 × 30 mm3 were scanned 
by means of CT.
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G. Kain et al. / Case Studies in Nondestructive Testing and Evaluation ••• (••••) •••–••• 3Fig. 1. CT-image of sample 7V (center) and histogramm with optimized class boundaries and summarized theoretical normal distribution of sample 7V 
(board density 383 kg/m3, μ1 = 27.21, μ2 = 55.41, μ3 = 92.05, σ1 = 4.15, σ2 = 9.47, σ3 = 14.56).
Fig. 2. Sample with the deﬁnition of axes (y is direction of temperature gradient, z goes into the paper plane).
To increase evaluation speed, a selection of 50 cross section images per sample (with 0.95 mm interspace) were used 
for digital image analysis. The resulting tomograms with given gray value distribution (Fig. 1) were segmented using an 
algorithm based on ANOVA following the optimization criterion for the gray value borders shown in Equation (1) [15,16]. 
The method was chosen, because it is nonparametric, works unsupervised and can be extended to multithreshold problems. 
Now the thermal conductivity for the different material phases (void, inner bark, outer bark) was estimated according 
to Equation (2). The segmented images were stacked to tiff image stacks, whose resolution was reduced to 200 × 111 ×
50 pixels, resulting in a matrix with 1.1125 × 106 voxel elements (voxel size 0.24 × 0.24 × 0.95 mm3).
In numeric modeling the voxels were used as volume elements with the following boundary conditions for the 3D-
matrix: (a) temperature on the upper side is T1, (b) temperature on the bottom is T2, (c) sample edges are insulated and 
therefore no heat ﬂow interaction with the surrounding space is existent (adiabatic; Fig. 2). In case of stationary tempera-
ture conditions, the heat ﬂow balance is zero for every volume element. Successively, the 3D-temperature distribution was 
determined using the software MATLAB R2009, from which the spatial heat ﬂow density vectors in every volume element 
can be calculated (Equation (3), Fig. 3). The samples global thermal conductivity can be derived according to Equation (4). 
The underlying partial differential equations were discretized as shown by Kain et al. [14].
As the heat ﬂow density vectors for the spatial directions are known, the direction of the resulting heat ﬂow vector can 
be determined for every point of the grid, expressed by the angle the heat ﬂow deviates from the direction of the global 
temperature gradient (y-direction; Equation (5)).
MSW =
∑3
k=1
∑Lk
l=lk (gkl − gk)2 ∗ hkl∑3
k=1(hk − 1)
→ min (1)
J∑
j=1
e2j =
J∑
j=1
[
λ j − (λ1h ∗ f1 j + λ2h ∗ f2 j + λ3h ∗ f3 j)
]2 → min
K∑
k=1
e2k =
K∑
k=1
[
λk − (λ1v ∗ f1k + λ2v ∗ f2k + λ3v ∗ f3k)
]2 → min
(2)
q˙ y(or x or z)(x, y, z) = −λ(x, y, z) ∗ dT (3)
dy(or dx or dz)
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4 G. Kain et al. / Case Studies in Nondestructive Testing and Evaluation ••• (••••) •••–•••Fig. 3. Heat ﬂow density in W/m2 in bark sample 5H (382 kg/m3, gradient 0.6 K/mm, average heat ﬂow 38.94 W/m2, thermal conductivity 0.072 W/(mK)).
λModel =
 X,Y ,Z
0,0,0 q˙ y(x, y, z) ∗ dxdydz
V
∗ d
T
(4)
αx,z(x, y, z) = tan−1
(√
q˙x(x, y, z)2 + q˙z(x, y, z)2
|q˙ y(x, y, z)|
)
(5)
gkl gray value l (ranging from lk to Lk; for k = 1: lk = 0, Lk = L1 − 1; for k = 2: lk = L1, Lk = L2 − 1; 
for k = 3: lk = L2, Lk = 255) in class k (ranging from 1 to 3)
gk gray value mean of class k
hkl absolute frequency for a gray value l in class k
hk absolute frequency of gray values in class k
MSw mean sum of squares within classes
J number of samples with horizontal particles
K number of samples with vertical particles
e j or k values for residual quantity for sample j (ranging from 1 to J ) or k (ranging from 1 to K ) in W/(mK)
λ j or k thermal conductivity for sample j or k in W/(mK)
λah thermal conductivity of material phase a (ranging from 1 to 3) with horizontal particles
λav thermal conductivity of material phase a (ranging from 1 to 3) with vertical particles
faj or k relative frequency of material phase a of sample j or k
x, y, z index deﬁning position (X = length, Y = thickness, Z = width of sample)
λ(x, y, z) thermal conductivity of the sample at position x, y, z in W/(mK)
( dTdx ,
dT
dy ,
dT
dz ) 3D temperature gradient in K/m
q˙x or y or z(x, y, z) heat ﬂow density in x (or y or z)-direction at position x, y, z in W/m2
V volume in m3
d panel thickness in m
T temperature difference in K
λModel modeled average thermal conductivity for sample in W/(mK)
αx,z(x, y, z) deviation of heat ﬂow from cross direction (x, z) at position x, y, z in degrees
3. Results
For all samples, the material phases could be successfully segmented using an ANOVA-based thresholding algorithm 
(Fig. 4). The thermal conductivity of the bark compartments (void, inner bark, outer bark) was determined by calculations 
(Equation (2)), based on the microstructure determined by reconstruction of CT data. The respective TC-values for panels 
with horizontal particles (void = 0.028, inner bark = 0.077, outer bark = 0.117 W/(mK)) are similar to those with vertical 
particles (void = 0.025, inner bark = 0.088, outer bark =0.154 W/(mK)).
An analysis of covariance showed that both the covariate panel density (p < 0.001) and particle orientation (p < 0.001) 
have a highly signiﬁcant inﬂuence on the panel’s measured thermal conductivity. Panels with horizontal particles showed 
an average of 13% lower thermal conductivity than panels with vertical particles (Fig. 5).
The thermal conductivity of the samples was modeled by means of the 3D model (Table 2). The results deviated on aver-
age 5.6% from real values. As with the measured values, also with the model the panel density and the particle orientation 
have a highly signiﬁcant (p < 0.001) inﬂuence on the thermal conductivity.
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void/inner bark, d – void/outer bark).
Table 2
Modeling results.
Sample Density 
(kg/m3)
TC1a
W/(mK)
TC2b
W/(mK)
Dev. 
W/(mK)
Heat ﬂow y
(W/m2)
Heat ﬂow x
(W/m2)
Heat ﬂow z
(W/m2)
Angle xz
(◦)
5V 206 0.062 0.054 −0.008 29.55 0.13 0.23 10.91
6V 326 0.078 0.072 −0.006 40.24 0.38 0.29 8.94
7V 383 0.085 0.083 −0.003 45.83 0.11 0.23 7.10
4V 436 0.092 0.091 −0.002 50.35 0.24 −0.34 6.50
3V 491 0.099 0.094 −0.005 52.30 −0.34 −0.27 5.94
3H 220 0.056 0.052 −0.005 28.72 0.03 0.30 8.21
4H 312 0.065 0.061 −0.004 33.77 −0.11 −0.23 7.22
5H 382 0.072 0.070 −0.002 38.94 −0.06 0.29 6.39
2H 467 0.080 0.074 −0.006 41.18 0.31 0.21 5.87
6H 496 0.082 0.080 −0.002 44.59 −0.04 −0.25 5.35
a Thermal conductivity measured by lambda meter.
b Calculated thermal conductivity by 3D-model.
The heat ﬂow orthogonal to the plane (y-direction) is on average between 100 and 1000 times higher than the one in 
the plane (x and z-direction). In addition, in-plane heat ﬂow does not show any correlation with panel density (Fig. 6).
The average angle that the heat ﬂow deviates from the y-direction is higher with lower density and vertical particles 
(Fig. 7). Both panels with horizontal (R2 = 0.99) and vertical particles (R2 = 0.97) showed a highly signiﬁcant (p < 0.001) 
anti-correlation between density and the angle of deviation. The inﬂuence of the particle orientation is signiﬁcant (p < 0.01), 
and that of the panel density is highly signiﬁcant (p < 0.001). A panel with a density of approximately 200 kg/m3 showed 
an average heat ﬂow deviation from the y-direction of about 8◦ (standard deviation (SD) = 6◦) when using horizontal 
particles, whereas a panel with vertical particles and the same density had an average deviation of 11◦ (SD = 7◦). When 
panel density amounts to 500 kg/m3, the average deviation of the heat ﬂow from the y-direction accounted for about 6◦
(SD = 4◦), and the difference between vertical and horizontal particles is negligible in that respect.
4. Discussion of results
The thermal conductivity of the bark compartments was determined following a procedure from an earlier investigation 
[14], based on the linear model in Equation (2). Values for the TC for the different material phases were determined 
separately for panels with vertical and horizontal particles. The results for voids were slightly lower than in a previous 
investigation [14] (TC of void with vertical particles 0.025 W/(mK), horizontal particles 0.028 W/(mK)). The observed lower 
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Fig. 6. Heat ﬂow in different spatial directions.
Fig. 7. Average heat ﬂow deviation from the y-direction.
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G. Kain et al. / Case Studies in Nondestructive Testing and Evaluation ••• (••••) •••–••• 7Fig. 8. Center of sample 5H (horiz. part., 382 kg/m3) and sample 7V (vert. part., 383 kg/m3) with heat ﬂow density in W/m2 (temperature gradient 
0.56 K/mm).
results may be attributed to slightly differing void size; for example, Thoemen et al. [7] also used a thermal conductivity 
of 0.026 W/(mK) for voids in a comparable study, which indicates that the derived values seem to be realistic. In addition, 
Hale [17] mentioned that for ﬁbrous insulation materials, the conduction through air in the voids equals 0.027 W/(mK). 
The inner bark tissue was determined to have a thermal conductivity of 0.094 W/(mK) in the earlier investigation and was 
now found to have a TC of 0.088 W/(mK) with vertical particles and 0.077 W/(mK) with horizontal particles. The TC of 
the outer bark was now calculated to be 0.154 (vertical particles) and 0.117 W/(mK) (horizontal particles), compared with 
0.108 W/(mK) in the earlier investigation. Thus, the new ﬁndings indicate slightly higher conductivities when using vertical 
particles. This can be explained by the higher compaction of particles when orienting them vertically, which may lead to 
areas with higher density within the panel structure. This assumption is additionally backed up by the density proﬁles of 
the bark insulation panels, which showed partially heterogeneous panel densities [18].
Controlling the particle orientation within bark-based insulation panels is advantageous, as panels with horizontal parti-
cles were found to have a 13% lower thermal conductivity (statistically highly signiﬁcant, where p < 0.001) than those with 
vertical particles. This experimental data was studied applying a 3-dimensional thermal model, which was already success-
fully applied in a 2-dimensional set-up [14]. A limitation to the present results is the small sample size (50 × 50 × 30 mm3) 
which cannot be seen as a representative volume element (RVE) [19] due to the coarse inhomogeneous panel structure 
(Fig. 1). Further research will have to consider adequate RVEs to increase the global signiﬁcance of the model, although the 
basic trends of the TC-measurements could be adequately addressed with the model using the small-size specimens.
The modeled results showed that the 3D version led to a slightly higher degree of precision than with a model used 
in a previous investigation. The 2D model deviated on average 8.6% from the experimental values, whereas the 3D model 
deviated on average 5.6% from the measurements. The material properties (i.e., the thermal conductivity for void and bark 
compartments) were determined separately for samples with horizontal and vertical particle orientation according to Equa-
tion (2). The thermal model matches the trend of the measurements quite well, based on the examination of the slopes of 
the regression functions (Fig. 5). For both particle orientations, the measured values were underestimated by the model (i.e., 
6% for the vertical and 5% for the horizontal particles). A potential reason for that deviation may be attributed to the fact 
that convection plays a more signiﬁcant role in larger voids [17]; an effect that was not considered in the model discussed. 
The modeled result of the ﬁrst sample (5V, vertical particles, 206 kg/m3) can be considered as an outlier, as it does not 
follow the trend of the other samples. Its thermal conductivity is 13% lower than that of the others. The problem in panel 
production hereby was that the density is so low, that no real particle compaction in the hot pressing process took place. 
Consequently, the particle orientation is not truly vertical. This fact explains why the associated thermal conductivity is 
closer to that of the panels with horizontal particles (Fig. 5).
In addition, the thermal conductivity of voids has to be understood as an effective thermal conductivity in the applied 
model, combining the effects of conduction, radiation and convection. At ambient temperatures, the effects of radiation can 
be neglected. Convection within pores that are less than 3–4 mm in diameter is low [17]; however, with some panels, 
especially the lighter ones (density <300 kg/m3), the pores are larger and the resulting model precision decreases [14]. As 
a consequence, the method presented may not be useful to study secondary effects related to bark panel thermal behavior. 
However, it can be very useful in order to understand basic trends.
As mentioned before, the 3D model was not suitable to signiﬁcantly enhance the model precision compared to the 2D 
calculations. Analyzing the average heat ﬂow density in the different spatial directions demonstrated this limitation (Fig. 6). 
The heat ﬂow in x- and z-directions is very low (1/100 to 1/1000 than in the y-direction). This observation is reasonable 
for the given adiabatic edge deﬁnition, where the y-heat ﬂow has to be dominant with a temperature difference between 
the two panel surfaces [20].
Although the model slightly underestimates the thermal conductivity, the trend is recognizable and the thermal processes 
on a voxel level can be used to learn about the reasons for the lower thermal conductivity of the panels with horizontal par-
ticles. In general, the heat ﬂow deviation from the y-direction is on average higher in panels with vertical particles (Fig. 7).
The heat ﬂow in panels with vertical particles can follow the solid structure (Fig. 8) (which is the reason for a greater 
deviation from the y-direction). In panels with horizontal particles, the heat ﬂow penetrates straight through voids of higher 
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thermal resistance, whereas in panels with vertical particles, the heat ﬂow is diverted to follow the vertical particles (Fig. 9). 
Consequently, the structural composition of panels with horizontal particles results in a higher thermal total resistance 
compared with the panels with vertical particles.
5. Conclusions
The application of the 3D model for the TC does not result in any signiﬁcant improvements to model precision (com-
pared with the 2D model), because in-plane heat ﬂow is not considerable compared with the cross direction ﬂow resulting 
from the unidimensional temperature gradient applied. Nonetheless, the 3D model serves as basis for analyzing heat ﬂow 
deviation and is able to provide a means for understanding the underlying relationships governing bark board structural 
properties.
Control of particle orientation within bark-based panels is likely to reduce the thermal conductivity by 13% on an av-
erage by orienting particles parallel to the panel plane. This set-up results in a panel structure where heat ﬂows that are 
orthogonal to plane are hindered by voids in between particles, leading to a lower thermal conductivity — an effect which 
was also conﬁrmed by Sonderegger and Niemz [21]. This is further validated for boards with smaller particles at the same 
density. Furthermore, heat ﬂow is hindered by an alternating system of solids and voids.
In general, the ﬁndings are relatively easy to be applied to production technology. Contrary to extrusion technology in 
particleboard production where the particles are oriented orthogonally to the panel plane, the contemporary ﬂat pressing 
process enables manufacturers to control particle orientation [22,23]. Such production facilities could be used for the pro-
duction of bark-based panels with horizontal particle orientation (preconditioned the bark particle geometry is properly 
optimized).
The proposed method can be used to evaluate diffusion processes (i.e., heat ﬂux and steam diffusion) within complex, 
heterogeneous and multiphase systems. This can lead to important ﬁndings especially for building engineering and justiﬁes 
further research in this direction. Finally, the method proposed can serve as a theoretical basis for the production of bark 
insulation panels with designed heat conduction properties.
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